Zirconium-hydroxide precursor samples are synthesized from Zr-hydroxide, Zr-nitrate, and Zr-alkoxide, by precipitation/impregnation, as 
INTRODUCTION
Supply of high octane number (ON) fuel is a challenging task for oil refineries due to strong environmental restrictions initiated by EU legislation. Namely, elimination from gasoline harmful but at the same time high-ON substances, aromatics and olefins, as well as octane busters such as lead-based additives and MTBE, forces ON-issue to be solved by alternative processes. Hydroisomerization of straight C 5 -C 7 paraffins producing high-ON components for gasoline blending is one possibility (1) . The reaction requires a bifunctional catalyst: a noble metal on an acidic support, i.e. chlorided alumina or zeolites. The former, however, faces environmental and expenses drawbacks, and the latter, although proving resistance to impurities does not satisfy because of a relatively low activity (2) . Therefore, for the near future, an important challenge is to develop a new environmental friendly and active catalyst.
Solid acids are a class of very interesting catalytic material due to their superiority compared to their liquid counterparts. Namely, solid acids are free of equipment corrosion problems, as well as environmental and human health risks. Therefore, solid acids, like sulphated zirconia (SZ), are potential candidates for isomerization of alkanes (3, 4) . Zirconia modified with sulphates exhibits superior catalytic activity, arising from its superacidic features. In addition, the presence of sulphates increases zirconia stability, as well as the content of the most active tetragonal phase (5) . From the other point of view, properties of SZ as a solid superacid depend on its preparation method and activation procedure (6, 7) . Therefore, a number of methods have been suggested for the preparation of SZ, differing in type of precursor, precipitating agents, type of sulphating agent, method of impregnation, calcination temperature, etc. Nevertheless, there is no consensus on the correlation of SZ activity with its sulphate nature and content, as well as its textural and structural properties; different sulphating reagents and the order of sulphation and calcination steps in a preparation sequence result in different textural and catalytic properties of SZ (6, 8) . In this work, physico-chemical and structural properties of SZ samples differing in their origin, method of the synthesis and pretreatment temperature are compared and correlated with their activity and selectivity.
EXPERIMENTAL
Three series of zirconium hydroxide catalyst precursors were prepared by related preparation methods from different materials based on hydroxide, nitrate and alkoxide. Zr-hydroxide precursors were further sulphated and calcined in order to obtain relevant catalysts.
Commercial Zr(OH) 2 (97%, Aldrich) was used as is forming ZH-H sample as precursor. ZH-N sample, based on nitrate precursor, was prepared from ZrO(NO 3 ) 2 xH 2 O (Aldrich Co.) by precipitation with 25% NH 4 OH at pH 9.5. The obtained hydroxide was filtered, rinsed with distilled water and dried at 110 o C in static conditions for 24 h. The ZH-A sample, based on alkoxide precursor, was prepared from Zr(IV)-propoxide (70 wt.% solution in 1-propanol) (Aldrich Co.) by mixing two solutions: zirconium(IV)-propoxide in propanol, and propanol in de-ionised water, at a ratio of water to zirconium(IV)-propoxide 2 : 1. Solutions were mixed vigorously with magnetic stirrer, in order to obtain zirconia-sol (concentration of 0.5 mol/dm 3 ), and by adding NH 4 OH (25%) the sol pH was adjusted to 13. The sol was aged for 3h, centrifuged, rinsed with de-ionised water (8 times) and alcohol, filtered, and then dried at 110ºC in static conditions for 24 h (9) .
Dried Zr-hydroxide precursor samples were sulphated with H 2 SO 4 (0.5 M) for intended SO 4 2-amount of 4 wt. %, and then calcined in the temperature range of 500-700 o C. Accordingly, nine SZ catalyst samples were obtained denoted by the letters revealing their precursors (SZ-H, SZ-N, SZ-A) and followed by first digit naming the used calcination temperature (SZ-A-6 is the catalyst sample obtained from alkoxide precursor following calcination at 600 o C). The accomplishment of the sulphation and stability of incorporated sulphates in SZ samples were checked by TG (Baehr STA 503) in the temperature range of 20-1000 o C. Specific surface area and porosity characteristics were investigated by low -temperature N 2 adsorption/desorption -LTNA, using BET procedure (Micromeritics ASAP 2010).
Crystal structures of the samples were examined by X-ray diffraction analysis (Philips APD-1700). In order to get an insight into the mechanism of catalyst deactivation several used samples were examined by elementary analysis using Energy Dispersive Spectroscopy-EDX (JEOL JSM-6460LV). Isomerization of n-C 6 in a fixed-bed microreactor was used as a test reaction to probe catalyst activity and selectivity at 300 o C. Tests were done at atmospheric pressure and with the partial pressure of n-C 6 of 60.5 mbar. The reaction was performed at a constant ratio He(H 2 )/n-C 6 =15 and space velocity in the interval 6-810 -2 mol n-C 6 /g cat min. The reactor effluent was analyzed by GC (HP 5890) equipped with a PONA column and FID detector. Finally, different samples activities were correlated with their surface acidity, estimated by the change of color of Hammett indicators.
RESULTS AND DISCUSSION
Textural and structural properties in dependence of calcination temperature are presented in Table 1 and Table 2 . As expected, surface area decrease and mean pore diameter increase is evident in all samples following increase in calcination temperature. This is a result of the sintering process intensification with calcination temperature rise (Table 1) , which is confirmed by increase of the size of crystalline particles of zirconia (Table 2) . Textural properties of catalyst samples differ from series to series, depending on the used precursor. Textures of samples of nitrate origin (SZ-N) comprised of meso-pores of medium size reveal the highest surface area. Insufficiently developed pore structure of SZ-H samples is manifested through the lowest both surface area and total pore volume. In contrast, the catalyst samples of alkoxide origin exhibit medium surface area and pore structure comprising larger meso-pores, resulting in total pore volume close to the advantageous samples of nitrate precursor (Table 1) . Based on X-ray diffraction profiles, volume fraction of tetragonal/monoclinic zirconia phases are calculated and presented in Table 2 . All SZ samples calcined at the lowest temperature show the presence of only tetragonal zirconia phase regardless of their precursor. Catalysts series calcined at 600 and 700 ºC, however, indicate the existence of a mixture of tetragonal and monoclinic phases fractions change depending on the sample origin. Thus, the catalyst SZ-H performs the fastest transformation of tetragonal to monoclinic phase when exposed to higher calcination temperatures (Table 2 ), being at the same time the catalyst with the lowest activity in the whole series (Figure 1) . Hence, increasing fraction of the monoclinic phase of zirconia, known as catalytically inactive, is in line with an increase of the calcination temperature. At the highest pretreatment temperature, monoclinic crystal phase prevails, with an exception of the sample SZ-A-7 which unexpectedly retained a very high fraction of tetragonal zirconia phase ( Table 2) .
Investigations of thermal properties (TG analysis) demonstrate a mass loss with all samples occurring in two steps: water removal up to 200 o C and sulphates elimination starting from 550 o C. The sulphates take-off temperatures, as well as the amount of sulphates remaining after calcination, differ among the samples, depending on their origin (Table 2) . However, the total mass loss of about 4.0 % in the temperature interval of 550-1000 ºC speaks in favour of identical sulphur loading incorporated in all samples. According to the literature, sulphates decomposition is followed by evolution of SO 3 and/or SO 2 , depending on the gas environment, and this occurs above 550 ºC (10) . The fact of different amounts of SO 4 2-remaining after calcination speaks in favour of different mechanisms of its incorporation into zirconia matrices. Obviously, slight differences in zirconia structure coming from different precursors define the mechanism of sulphate incorporation. Besides, as seen from Table 3 , the acidity of samples of the SZ-N and SZ-A series is more pronounced than the acidity of their counterparts of hydroxide origin, although the assessment is constrained due to the limited amount of available indicators. In Figure 1 are presented the activities of catalyst samples in terms of n-hexane conversion and they can be correlated with the corresponding textural, structural and surface properties. Obviously, there is a direct proportion between the fraction of tetragonal zirconia phase and amount of sulphates remaining upon sample calcination with samples' activity. It also seems that there must be a critical minimal amount of sulphates, or perhaps sulphates density on SZ surfaces, for the catalytic activity to be achieved. Textural properties play a vital role in determining catalytic activity as well. This is particularly case with pores diameter, considering the high possibility for coking accumulation occurring under the conditions with no H 2 in the reactant stream. It is important to stress, however, that all these properties do not control catalytic activity properties independently, but by acting together through a synergistic effect, determining thus the final catalyst quality. Regardless of the zirconia precursor, activity of SZ samples declines proportionally with increase in calcination temperature. An exception to this observation is the catalyst SZ-H. This sample, having in general the poorest catalytic properties regardless of the pretreatment temperature, is characterized by the smallest activity in series exactly following calcination at 500 o C (Figure 1 structure of SZ-H-5 sample, its negligible activity might be related to the inappropriate texture, the amount of sulphates and/or surface properties (Table 1 and Table 2 ). Namely, a low activity of the SZ-H-5 sample can be attributed to coke accumulation and plugging of pores of very small size, which are even close to the micro-pore range (Table 2 and Figure 2 ) (9, 11, 12) . Indeed, the coke formation as the result of catalytic run of SZ-H-5 sample was proved earlier by EDX (13) . Taking into consideration somewhat better activity of the SZ-H-7 sample, having inadequate both structural and surface properties but including pores of bigger diameter, it seems that pore size is a dominant factor that determines catalytic performances, at least in the series of SZ-H samples. Oppositely, the prevailing phase structure, crystallite size, amount of residual sulphates of the catalyst series, as well as surface properties of those synthesized on the basis of two other precursors (SZ-N and SZ-A) show the values that affect more favourably their activity in the reaction of n-hexane isomerization. Catalyst SZ-N-5 shows maximal activity among all catalysts samples. It may be attributed to its favourable zirconia crystalline size, which is the smallest among all samples, as well as to its highest acidity in the whole series (Table 2 and Table 3 ) (12) .
ZH-A ZH-N ZH-H
Catalysts samples SZ-A calcined at 600 and 700 ºC showed an activity that was higher than of the other catalyst samples calcined at same temperatures, due to their favourable fraction of active tetragonal crystal phase, and amount of residual sulphates, consequently, to their surface properties. It seems that a certain surplus of residual sulphates of the catalyst of alkoxide precursor does not have a predominant impact on catalytic activity, comparing catalyst samples SZ-A-5 and SZ-N-5. Regardless of catalyst samples precursor and temperature of calcination no activity was observed using H 2 as carrier gas. In experiments performed in He as carrier all catalysts were active at the very beginning of time-on-stream, followed by a relatively fast deactivation. Specific mechanism of deactivation including oxidative dehydrogenation reaction was suggested earlier under the conditions with no H 2 reactant stream. It may be explained in terms of reduction of oxidation state of S from +6 to +4, followed by water formation in the presence of He (14) . Distribution of initial reaction products shows the lack of highly desirable multibranched isomers, i.e. 2,2-and 2,3-dimethyl-butanes, and relatively high ratio of i-C 6 (Table 4) . A minor fraction of highly desirable dimethyl-butanes might be understood in terms of insufficient acidity of catalysts applied in this investigation. In the inert atmosphere performed here, reaction mechanism including acidic sites may be quite questionable (12) . A direct isomerization of paraffins in the absence of metallic sites is possible on acidic sites by a carbenium ion requiring strong acidic site, or carbonium ion requiring high reaction temperature in addition to strong acidity (15) .
CONCLUSIONS
Slight differences in precursor's properties induce the differences in the incorporation of SO 4 2-groups into ZrO 2 matrices, influencing thus the structural, surface and catalytic properties of the final catalyst.
Higher activity and stability of SZ samples prepared from an alkoxide precursor at higher calcination temperature indicates a beneficial influence of meso-size pores. The mentioned activity is most probably due to a better accommodation of coke deposits and negligible deactivation by the pore plugging mechanism, leading to fast deactivation (9, 11) .
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